Abstract In order to make a breakthrough for the acute problem of water shortage in the world, the key words "decentralization and re-use" are very important for new sustainable sanitation systems that will be developed. Therefore, we focused on a new treatments system called "a slanted soil treatment system" which combines a biotoilet system with a domestic grey water treatment system. Because this system is a low cost and compact system, the system can be easily introduced to homes in urban areas or in the suburbs of cities in many developing countries. In this study, we performed on site experiments carried out on Shikoku Island, Japan, for several years. We obtained the following results. The slanted soil treatment system could remove organic pollutants and total nitrogen and total phosphorus in grey water effectively. Furthermore, the system performance became high in the case of the high concentration of the influent water. The nitrification reaction and denitrification reaction were speculated to exist due to aerobic zones and anaerobic zones present in the slanted soil treatment system. The slanted soil treatment system could perform for approximately 3 years with zero maintenance. The plug flow model of 1st order reaction kinetics could describe the reaction in the slanted soil treatment system. However, it is necessary to improve the system to maintain the performance in all seasons.
Introduction
The total amount of water usage in the world is increasing rapidly, as the population increases and economies develop in the world (Niemczynowicz, 1997) . If traditional sewage water treatment systems were to be introduced everywhere in the world, there would be a shortage of usable water (Niemczynowicz, 1997) . Traditional sewage water treatment systems are, of course, hygienic systems, but are not sustainable sanitation systems. In order to make a breakthrough for this acute problem, the key words "decentralization and re-use" are very important for new sustainable sanitation systems that will be developed (Wilderer, 2001) . Therefore, we focused on a new treatment system, which combines a biotoilet system with a domestic grey water treatment system. The biotoilet system is a hygienic system and is effective in reducing the quantity of water used, because faeces and urine are treated only with sawdust without adding water to the system (Terazawa and Kitsui, 2003) As a consequence, no wastewater flows out from the biotoilet system. On the other hand, grey water, which is drained from the kitchen or bath in each house, must be treated. However, treated grey water can be re-used for many purposes, such as gardening, because there is no mixing with black water. Furthermore, in consideration of uses and applications in a developing country, we must find a system which is low cost. For this purpose, a soil treatment system is a very effective system. Soil is a cheap and high performing material at removing suspended solids, organic substances and nutrients from wastewater (Kong et al., 2002) . In this study, the main focus was on a new soil treatment system called 'a slanted soil treatment system' which can be easily introduced to homes in urban areas or in the suburbs of cities because of its compactness (Itayama et al., 2003) . The results of several years of the on-site experiments carried out on Shikoku Island of Japan are presented here.
Materials and methods
The slanted soil treatment system Figure 1 shows a typical slanted soil treatment system. As shown in the figure, a few 1 m £ 50 cm £ 17.5 cm hard plastic foam trays were stacked. Three ridges on the slanted bottom of the tray were formed. The height of each ridge was 6 cm. In order to prevent clogging in the system, a special type of soil called Kanuma soil, -which contained soft promeric particles (1 cm in diameter) -were placed into each tray. The main components of Kanuma soil are alumina and hydrated silica (Kato et al., 1999) . The thickness of the soil layer in each tray was 12.5 cm. Wastewater permeated from the pipe spread in the soil mainly by gravity.
On-site experiments
On-site experiments for the slanted soil treatment systems that were installed in some homes on Shikoku Island of Japan were performed to measure its performance for domestic grey water treatment. Here, we cannot provide more information on homes because of the privacy problem. We chose a home to conduct the long-term experiment of the slanted soil treatment system. The experiment took place between August 2001 and January 2004. The slanted soil treatment system using three stacks, as shown in Figure 1 , was used. The flow rate of influents could not be adjusted exactly, because the influent grey water came directly from the kitchens. However, we could measure the total amount of tap water from the kitchen sink connected to the influent pipeline of the slanted soil treatment system. The water sampling frequency was monthly. The water samples of the influent water and the effluent water were collected several times in a day in the morning, the afternoon, the evening and the night, and collected samples from influent and those from effluent were mixed, respectively. The BOD 5 , COD Mn , T-N, T-P and SS were measured for the mixed water samples of influent and effluent. These categories of water quality except for COD Mn were measured according to Standard Methods (1995) . In this article, we used the BOD as the BOD 5 and the COD as the COD Mn . We investigated other slanted soil treatments systems, which were introduced to other homes. Some Figure 1 A typical slanted soil treatment system. The figure on the left side shows a tray made from a hard plastic foam. The figure on the right side shows a schematic of the system for our on site experiment. Here, a three tray stack system was used T. Itayama et al. 194 systems with a greatly different flow rate of influent to each system were selected, in order to make clear the effect of flow rate of influent to the reduction efficiency of BOD and T-N. Also, the detergent in the influent grey water and the effluent water was investigated for each system, because untreated detergents cause serious problems for water environments. We used a methylene blue method to analyse the anion surfactants in the grey water, which is described in Standard Methods (1995).
Results and discussion Figure 2 shows the temperature fluctuation of the influent water and the effluent water. Although both temperatures changed synchronously, the temperature of the influent water was higher than that of the effluent water, because the influent water directly flowed into the slanted soil trench system. Figure 3 shows the fluctuation of the flow rate to the system. The fluctuation of the flow rate of the influent water was similar to the temperature fluctuation of the influent water and the effluent water. This tendency was due to the amount of water used at a home, usually increasing in the summer. The average flow rate of the influent water amount during our experimental period was estimated at approximately 86 L/m 2 /day. Here, the total surface area on the soil layer of each tray normalised the value. Moreover, serious clogging in the system did not occur during the experimental period under this condition of water load. Clogging is a common problem of wastewater treatment systems using soil (Kong et al., 2002) . Generally, the organic matter, the suspended solids in waste water and polymer compounds excreted from microbes in the soil cause clogging. Clogging, of course, happens in a slanted soil treatment system, when the water load is too high and the degradation activity is low due to low temperature. Partial clogging on the top layer in the system only happened in February 2003 and February 2004. However both clogs disappeared at once. In this experiment the loading amount of influent water was kept at the proper amount, which was under 100 L/day on average. We guessed that the earth worms and slugs which we often found in the systems played an important role for the biological treatment, because these organisms frequently prey on microorganisms and accumulated organic materials in the soil, which were the main reason for the clogging in the soil. Figure 4 shows the fluctuation of SS, BOD, COD, T-P and T-N in the influent water and effluent water, respectively. These results indicate that the system performs well at removing organic matter and reducing total nitrogen and total phosphorus in the wastewater. The slanted soil treatment system had a good capacity for reducing all five categories of water quality in the wastewater, as shown in Table 1 , under this loading condition if the compactness and having zero maintenance were taken into consideration. However, it seemed that the removal ratio of SS was lower than the removal ratio of BOD and COD. It was thought that the major reason was the flowing out of mineral particles from the Kanuma soil layers. The BOD and the COD in effluent showed a similar fluctuating pattern. That is, both values in effluent water were high when the values in influent water were high. It was thought that the removal efficiency of the BOD and the COD would decrease in late autumn and winter seasons, because the removal efficiency generally decreases under low temperature. We will discuss the properties of treatment processes of the slanted soil treament system in the next paragraph. As shown in Table 1 and Figure 4 , the removal efficinecy of nitrogen was lower than that of T-P, which can be absorbed by soil, physically and chemically. On the other hand, nitrogen could only be removed by microorganisms. Removing nitrogen by microbes requires aerobic zones for nitrification and anaerobic zones for denitrification. In the slanted soil treatment system, there were anaerobic zones in the upstream area of the ridges where the soil was saturated with water.
Though the pattern of concentration of all categories, such as BOD, were very stable for each concentration of effluent, in spite of large fluctuations of its concentration in influent some treatment properties, such as the relationships between the removal ratio and the BOD of influent water, could be analysed by using the large fluctuations. Each relationship between the removal ratio of BOD, COD, T-N and T-P and the BOD, the COD, the T-N and the T-P in the influent water are shown in Figure 5 respectively. Because all relationships are similar to hyperbolic saturation curves drawn by the Monod equation, we used the following equation for the curve fitting (Rittmann and MaCarty, 2001) .
Here, R is a removal ratio, r max is the maximum removal ratio, C is the concentration of the influent water, K is the half saturation constant and q is the exponent introduced for fitting well empirically. Equation (1) was applied to the BOD, COD, T-N and T-P. The nonlinear least square method was used for the fitting. Because the variance of BOD data was apparently large, estimated values of r max , K and q were not confident. The correlation coefficient r of the fitting to the BOD data was approximately 0.5. However, the r-value is not so low if we consider that all data were obtained from on site experiment. Therefore, we could judge that the removal ratio of the BOD decreased as the influent BOD concentration decreased. Fitting to the COD data, the T-N data and the T-P data are clearly better than the BOD data. These r-values were approximately 0.8. Therefore, we could find clear relationships fitted by Equation (1) for these categories. The common thing for the results
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196 Figure 4 Monthly changes of the SS, the BOD, the COD, the T-N and the T-P in the influent water (open circles) and those in the effluent water (closed circles) T. Itayama et al. 197 Downloaded from https://iwaponline.com/wst/article-pdf/53/9/193/432851/193.pdf by guest on 05 November 2018 was that the removal efficiency for the influent water of the low concentration was lower than that of the high concentration. This is a common character for the biological degradation. When the wastewater of the low concentration flowed into the biological waste water treatment system, the treatment efficiency is low, because the activity and the growth of microbes for the treatment cannot increase well. The slanted soil treatment system is a type of biological treatment system because the system showed these properties. Of course, the reduction of T-P was mainly discussed from the viewpoint of physico-chemical absorption of the Kanuma soil as we mentioned. We will deal with this problem in future studies. On the other hand, the temperature effect on the treatment performance is not so clear, as shown in Figure 6 . The biological process is usually affected by temperature (Rittmann and MaCarty, 2001 ). However, the slanted soil treatment system can maintain good performance for the treatment of BOD, COD, T-N and T-P in grey water during the winter, if the soil never freezes.
Though our system had a high stability for fluctuation of concentration in influent grey water, the response to a change of load on our system should be examined in consideration for realistic use. Therefore, the BOD in the influent grey water and in the effluent water of some slanted soil treatment systems at other sites with other flow rates were investigated. Figure 7 shows the relationship between the BOD removal ratio and loading amount. An inverse correlation between them was clearly revealed. A simple mathematical model for the fixed bed plug flow reactor could explain this inverse relationship. We Figure 5 Relationships between the concentration (C) of the BOD, the COD, the T-N and the T-P in the influent water and the removal ratio (R) of those. The equation of each fitting curve is R ¼ r
q . Each r is a correlation coefficient Table 1 The loading amount of the SS, the BOD, the COD, the T-N and the T-P and the removal amount of those and the removal ratio of those. All data were averaged during the experimental period used a simple first order reaction model for a plug flow type reactor without diffusion, because we can approximate that the removal ratio of the BOD is constant if the influent water has a high enough concentration of the BOD. Under this assumption, only three parameters -u (line speed of water in the system), l (length of system) and k (specific rate for degradation in the system) -were required (Rittmann and MaCarty, 2001) . The equation and the solution are as follows:
Here, C in Equation (1) is the BOD concentration at position x along the flow direction in a tray of the slanted soil treatment system. C n in Equation (2) is the BOD concentration in effluent from the nth tray of our system. C n21 is the BOD concentration in influent from the nth tray. In consideration of the relationship 1 2 R ¼ C n /C 0 between the removal ratio of R and C n and C 0 , we could derive the following formula:
In Figure 7 , the dimension of the horizontal axis was the dimension of line velocity u of water flow, which was [length/time]. However, the direction of u and l should be Figure 7 The relationships between the removal ratio of BOD and the flow rate per m 2 on the total surface area of all trays of our system regarded as flow direction of water in the soil. Moreover, we could simply calculate the line velocity u using the geometry of the tray and the assumption that grey water flowed in the soil uniformly. Therefore, if a simple plug flow reactor model is a good approximation of our system, we can find the linear relation between 2 1/ln(1 2 R) and u. We plotted the experimental data in Figure 3 based on (3). Figure 8 shows the results. Because a good linear regression could be carried out (the slope was 0.2 day/m and r 2 ¼ 0.96 which is the square of the correlation coefficient), we could determine a specific rate k of the degradation for the BOD. Here, l ¼ 1.5 m and n ¼ 3 were substituted into Equation (3), then we obtained the specific rate k ¼ 2.7 day 21 for the degradation of the BOD. Of course, this value was calculated based on some assumptions. For example, a significant assumption was that all of the trays had the same properties. However, clearly the development of microbes in each tray was different, because the influent water quality, which determined the growth of microbes, was quite different. Therefore, the rate constant of degradation was completely different for each tray. If we want to build a realistic model for our systems, we have to consider many phenomena in the system. The model is very useful because it will surely provide us with important knowledge in order to improve the system properties. However, on-site experiments are limited at obtaining the data for building a realistic model. Therefore, future studies should be performed under regulated conditions. We normally use some kind of detergent in a kitchen. Detergents contained in grey water will pollute rivers and lake and will cause many problems for organisms in the water environment, if detergents are discharged to the river or the lakes without treatment. It is very important to remove detergents in grey water. Figure 9 shows the relationships between removal ratio (%) of detergent and concentration of detergent in influent water in summer and winter. Removal efficiency for high concentration of detergent in influent grey water was better than for low concentration. Removal efficiency in the summer was higher than in the winter. The removal ratio of many systems was larger than 60% in summer, but there were many systems that had a ratio lower than 60% in Figure 8 The data was plotted on the basis of Equation (4). Here, R is the removal ratio of the BOD. The line in the graph is drawn by linear regression (r 2 ¼ 0.959) Figure 9 Relationships between removal ratio of the detergent and concentration of detergent in influent water T. Itayama et al. 200 winter. Both results are typical of biodegradation. It was thought that microorganisms in soil could degrade the detergent in grey water from these results. However, it was thought that the removal efficiency of slanted soil treatment systems for the detergent is not enough in the winter, especially if the acute influence of the detergent on the natural environment is considered. Although the slanted soil treatment system has good removal efficiency for BOD, COD, T-N and T-P in grey water, it is necessary to improve the system to maintain the performance for every season.
Conclusions
The slanted soil treatment system consisted of hard plastic foam trays of several stacks, which were compact enough for application in urban areas and inexpensive enough for application in developing countries. The slanted soil treatment system could remove organic pollutants and total nitrogen and total phosphorus in grey water effectively. The nitrification reaction and denitrification reaction were speculated to exist due to aerobic zones and anaerobic zones present in the slanted soil treatment system, because the T-N was reduced by this system effectively. The slanted soil treatment system could perform for approximately more than 3 years with zero maintenance. The plug flow model of first order reaction kinetics could describe the reaction in the slanted soil treatment system. The detergent in grey water could be removed by the slated soil treatment system, however, it is necessary to improve the system to maintain the performance for every season.
